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FOREWORD

The work described ii This report was authorized under Tcsk IB522301A08101,
"D issemination Investigations uf Liquid aneJ Solid (U).- The work was started ii.
July 1965 and completed in January 1967.

Reproduction of this document in whole or in part is prohibited except with
permiusion of the CO, Edgewood Arsenal, ATTN: SMUEA-RPR, Edgewood Arsenal,
Maryland 21010; however, DDC is au.horized to reproduce the document for United
States Government purposes.

The information in this documenr has not been cleared for release to the
general public.
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I. DIGEST

S(0ondensation processes are important in the thermal dissemination

of C" agents. lieteeroge:;.ous and homogeneous nucleation was stud-rd tc

determine the important factors controlling condensing systems.
I

F Effects of salt nu•lei on tL e particle size distribution of the

disseminated aerosol were studied and special pyrotechnic svyLems which
were salt nuclei-free were investigated.

Aerosols composed of two- to five-micron-diameter particles with a

high degree of particle size homogereitv make the optimum aerosol for

lung retention and maximum transparenc.. The prodclu(on of such an

aetosol was shown to be feasible by the technique of incorporating no,-

volatile "giant nuclei" material in the pyrotechnic mix. These giant

nuclei when disseminated with the agent vapor acted as preferential

condensation sites and as small particle scavengers by coagulation.

Te secondary process of coagulation was shown to be important in re-

moving the highly visible submicron particles. A pyrotechnic dissem-

ination system was suggested to produce uniform, low visibility aerosols

which included coagulation of the small particles to be disseminated on

giant nuclei at elevated temperature and high concentrations.

Homogeneous nucleation alwahs occurs in condensing system" of high

vapor coicentrations even in the presence of foreign nuclei. Critical

supersaturation ratios of a number of compounds were measured by a

newly developed experimental methnd. it wes de..onstrated that the

classical Becker-Doering theory is inadequate for the preparation of

nucleation models. A modified model is presented showing the inter-

relationships among phystcal properties, chemical structure, and

temperature.

13 i



CONTENTS

S[-CT I ()PAGE

I INTRODUC IION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

I1 NUCLEATION IN PIROTEC'INIC DISSEMINATION' 9

A. Isomorphic Nuclei Effects . . . . . . . . . . . . . . . . . . . . . 9

B. Thermal Dissemir.ation *-th Giant Nuclei ............... 10

III HCOMOGENEOLUS NUCIFATI.N STUDIES ............ ..................... .. 17

A. Background ..................... ................ ............ 17

I. The LiQuid Drop Concept ............ .................... .. 18

2. The Transition Process ............ ..................... .. 19
3. Discussion of Compairative Data ....... ................. .. 24

B. Experimental Studies .............. ........................ .. 25

1. Description of the New Apparatus ........... ................ 25

2. Technique Description ........... ..................... .. 25

3. Potential Sources of Errors and Description of the
Second and Third Generation Apparatus .... ............. .. 30

C. Experimental Results .............. ........................ 34

1. •ater ...................... ............................. 34

2. Organic Compounds ..................... ....................... 35

rl. fisciI• iqin And C. ..i .•. . .................. 35

1. Comi arison of Experimental Re ilts with
Far ier Theories .............. ........................ .. 35

2. Variation of Surface Tension with Droplet Curvature ...... .. 42

3. Cluster Size and the Surface Tenaion Corrections .......... .. 43

LITERATURE CITED ............................ .............................. 49

GLOSSARY . ....................... ................................

APPENDIX PHYSICAL Pn OP.Tn USTTcE IN CALCULA'ONS. .. ..... . ........ 3

DISTRIBUTION LIST .................... .............................. .. 55

DOCUMENT CONTROL-R&D (DD Form 1473) ........... ..................... .. 57

5



ILLUSTRATIONS

I C,(a glat ion Chamber 6 it h S;crrens .............. ....................... 1

-' (Cigtlation ChaU.ber vith tOri fire Plates . ................................ 1

3 Apparatus for Measuring IHoriogeneous Cri tiral
."upersaturat ion fiatius ...................... . ....................... 2

4 Steady-mtate Mixing Region .................. ....................... .27

5 F-ximple of limits of Coil anj Aarm Flow Ratioos
in the Miring Streams Technique ..................... ..................... 29

h T'he Mfodified Critical Supersaturation Ratio
Measurement Apparatus ..................... .......................... 32

7 Modified Warn. Therr:ostat-Vaporizet Section of Critical
Supersaturation Measurement Apparatus ........... .................. 33

8. Comparative Critical Supersaturation Curve, for Water Vapor ..... ....... 3t

9 logarithr-. of Supersaturation Ratio as , FnctLion of the
lnserse uf the Absolute Tem.perature for llmogeneous
Nucleation of Benzene ........................... .......................... 3

10 Logarithr. of Supersaturation Rat;o as a Function cf the
Inverse of the Absolute Temperature for II,,mogeneous
Nucleation of Carbon Tetrachloride ............ ................... 37

11 Logarithm of Supersaturation Ratio as a Function of the
Inverse of the Absolute Temperature for flomogeneoi•s
Nucleation of Carbon Disul'ide ................ ..................... -. 38

12 Logarithm of Supersdtuia, 'io, Ratio as a Function of the
Inverse of the Absolute Temperature for Ilomogeneous
Nucleation of Chloroform .................. ........................ 39

13 Logarithm of the Supersaturation Ratio as a Function of
the Inverse of the Absolute Temperature for Ilomogeneous
Nucleation of Water ..................... ..... ........................... 40

14 Parameter p as a Function of i' for the System.
Benzene + Air.............................. 41

i S Parameter - s a Func ion oi i" for the System,
Carbon Tet-achloride * Air .................. ....................... 44

I r, m•ca eter w as a Function of i' for the System.
Caro,un Disulfide + air .................... ......................... 45

17 Parameter p as a Fu•ction of i" for the System,

Chloroform + Air ........................ ............................ 45

18 Parameter p as a Function of t° for the System.

Water + Air ........................ .............................. 4

TABI.E PAGE

I Lffect of Composition on Mass Median Diameter of Dispersed
Simulant in Pyrotechnic Dissemination ........... .................. 10

6



I INTRODUCTION

Pyrotechnic dissemination of liquid or solid agent is accomplishedIby mixing tie agent with thie p, rotechitic material. The phase changes iII

the ,rocess include volat III tat ion foll0owed by coindei,•i ... of thl, agent.

The manner in which condensation occurs establishes tlit por-ticle size

distribut iop. of the disseminated material. II thi ( londeisaL ion pr..cesse•;

in pyrotechnic disseminat ion could b( isolated and studtied separately,

then the agent paticle size and homogeneity could be controlled.

Condensation involves nucleation, growth, and coagulation (agglom-

erat. on). Sel f- nucleet ion (homogeneous nucleat ion ) nlwaýs occurs at some

critical supersaturation of a condensable vapor, but foreign nuclei, if

they are active, will initiate condensation at loser stIPrsaturation values.

The tondit tons of agernt aerosol formattion in pl rot " linic disse'ntrat ion are

highly specific, and no theoretical anal\sis of vapor condensaL i on under

these conditions has cer been attempted. '[he size distribution of the

agent aerosol involves the simnultneous kinetnis of nucleation, growth,

and agglomeration.
C~onrlpn'z t Io, A , Aa, A . .. ..

........... ... . .. 6 J u . .. -,-p.ri•• i.tu rnlI tP onl iits- number andi

kind of2 nuclei present. There is consid,'rable experimental eiidence that

under rapid quench conditions, in the presence of foreign nuclei, hiomo-

geneous and heterogeneous nucleation occur simultaneously. Therefore, in

order to understand condensation in quenched je: s it is necessary to study

both heterogeneous and homogeneous nucleation processes. We have made ex-

perimental studies of both types of nucleation. These have included

(1) an investigation of the aerosol properties of material dlssemlnatcd
from a pyrotechnic device and (2) measurervc iL of the homogeneous nuclea-
tion of a number of aimple compounds to undterstand more fully the importance

of homogeneous nucleation in actual systems.
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II NUCLEATION IN PYROTECHNIC DISSEMINATION

A. Isomnorphic Nutl I, Effe-ts

The e ffec of foel f'Ign nilt( I'i on tlit( parti k.- , size d -.st ribuit So •s of

solid agent si.aul.-nts vaporized from pyrotechnic devices was studied using

a ,utinbe of dif fe re i. bhI eiid. of pJ rote(, icI ts a id age t L s1 ru I iants. Thesc

nixtures were burzned in unpacked pi les and the di .seminat ed smrnulait -s
analyzed for size distr-ibution using a six-btage impactor, the Andersen

Sal pler. t Benzoic acid (BA) phthalic anhydride (PA) and 1-methyl

ar-Iinoanthraquiione (MAA) wer.- the pri uJ pal simulants used. PotasIiurn,

chlorate (KCIO 3 ) and amwicollium pickate (APic) were the oxidizers used.

Inorganic s Its (5% by weight.' were added to the APic-simulantR mixes

to p rov ide sult ntlc lei :ponn burni g. The cffect of salt utic lei (an be

noted in Table I. As in tL lie (ase of nuc leat ion in condens ng jets,

, large numbers of salt in( lei tend to decrease the particle size and the

part icle s ze range of thle recondensed wate,'ial. Also, as obs,.rved inl

,Le jet nuc le It on, the salts which are isomorphic appear to produce the

greatest effe. ts. The foreign nuclei concentration in these svstem-

probably critical and may be a quantitative fui;ctiori of nucleation

efficiency.

The el fect iveiess of selected isomorphic nuclei upon condensation

is demonstrated by, the comparative pC-rticle sizCs, but th'e final aerosol

propertifs depend on the relative rates of nucleation, growth from the

vapor, and agglomeration of particles already forried- Thus, it would

appear to Le possible I. v ,o- to! s1z- ,, ,.. p-e C a

dissem-nat ion .Jet.

J janufactured by the Andersen Sarq,i, ler CU., p-c.o, Utath.
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IIFFH(1 0f 10MrI\INSJ 'I ti'ý MASlc kMLDIV I A NTIVI I) Uill .' I;~i

,I %Mi I AN1 1% ] 1 ItGTllI. Wi p I MIN-%A 1(0-

SPIEHOTiE:HN'I-SIMt:I4,'I MIX INOi(C.AIC SALT WASS MLDIAN' DIAMLIfH
, (.- $ (5 it % f liX) (m .rn.)

Vi 50)-RAt%0Q) Doi-f

1 74eF,
AN Oi RVC~1& it)) 08

: ~ ~AP. c S '0f ; "I'A ( 50 l nor, _ _

Al'ic(SO) 'PAI 50) kU) 0.8

APi c (S0) T'A(Q50) N .CI 0. 8

hCI(O3(_10), iiA(.-O) 'reon iU.

KC:I 3 0).'S. 33 ), I7 n1ne 1.

hC1CO, SO.'33 'MAA(I7) no-e 1.5

(a) Zn%, and beroir acrid A) arc ron,.clini-.

(6) a a2C1O 4 and phthalic anlydride (PA) are rh-,bc.ic

(.1 Narreo size distribution.

B. Thermal Di ssemination %ith Giant Nuclei

The possibility of controlling the particle %,ize of (0 agent di:,-

seminated by a pryotechnic de6ice ab ifixestigcted experir:etalI. Ii,

order to control particle size, giant nuclei were added and mixed intoj

.h r ........ l. 'AC-,.c, ;. F en1. The g;.ant n:u-lei -,at it:l I L I I d to have very

definite physical properties:

(1) particle sizes had to be in the !- to 3-micron-
diameter range,

(2) thu material could n(t volatilize appreciably at
pyrotechnic burning temperatures; and

(3) the material had to be a preferential nucleator
(Is,-a'i ii.ci fdciai tension with agent).

The materials investigated were silica, magnesium oxide, titanium dioxide, I
ferric oxide, arid dlumina.

The pyrotechnic mix could not be a source of effective nuclei. Thi is S -L

last- condition was the most difficult one to attain. Amrmouiunium pCIlate, a I
'ronopr-opie II ant hich cont ains no metai atvvom 3 and produces .to salt. nut I c-I

as the first fuel-oxidizer uscd.

10
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The 'lepenJence of partLi cle si ze of condensed organi c aerosol partic'e.'i

on the presence of giant nuclIei , which were adde-d to the bulk mat --ria1

bvefore vaporization, was demonstrated in a simple noiip,'rot~echnic volati-

I Iz aioan . In an at~temipt, to make a comparative study of the particle size.

dist ribut ion of orgartic slimulaits th,,iiiia I y disseminated, with and without,

sellect ed giant nuclei added to the pyrotechni~c mix, a number r-f mixes were
blctidcd and p: cssed. -A1 Imixes conntaind APir- as thle monopropellant.

The mixes were wade *1ith Al'ic (5-0 and 70-1 by, weight) using benzoic acid,

phthalic anihydride; and 1-me~tylarninoant~hraquinone as agent, simularits.

Addit ional mi~xes were made withi the same inFgredients plus giant, ;iuclei

miaterialI to the extent of- 10" by w~eight of , he simulant . The giant

nuclei materials were I- to 4.5-micron-diameter silica and a pigment

grade titanium dioxide. The mixes ( i e ., nucle~i, propellant , and agent-

si mu I ant) were blended In a sh akt r for several 1 iour-: anid then pr'.ssed.

A50:30 mixture of APic arid BA and the same mixture plus 5% 1- to 4-micron-

diamreter silIica were fired Iin ep rat~e experiments in a orte-cub-c- foot

meter box. The smoke fromr eacht mixture was collected in the Andeisen

Sampler plus Millipore filter train. Thle relative amounts of eacl. mix-

ture collected on the backup filters showed that there was several times

as much finely divided material from the 50.50 mixture as from the

mixture containing silica. However, in both cases there was black smoke,

jpresumably from the inefficient combustion of the APIC.

Pvrot-echrnics based oi: potassium chlIorate %4ill supply large numbers

of finely divided (0.1 to 0.01-micr-on-diameter) KCA nuclei. A second

monopropellanit %hich is salt, nuclei- f!ee is triaminoguaniidine cyanoformrate

(TAGCY). This compound which wits developed at SRI is far superior to

API c as ani effective mronopropellant. TAGCY mirit-ircs containing I and 2%

APic plus 30-0 agent simulant, were successfuil pyroteh'-CE. Ten gramn

grains of these mixes were pressed at 2000 lb into aluminum film cans of

3 cm iti. diameter. Addition of I- to 4-micron-dia.rPeter silica to these

pyrcotec~hnic mixes produ~ed a marked increase in thf mass median diameter

of the dissemninated material and a more homogeneous size range. Submicron

partiries wkere pl-rcauced during dlssemxuation, however, and a more effi-

c icrit sc acenginrg of the smoke was necessary.I Four s~~ten~s nd forcu~oagalatijoi. hi~~- were evaluated for in-

t tire;36ng the an~ourit of coagulation in aerosols produced by pyrotechnic

means. C.hanges in reýlative :.loud densities and particle size dlit.ribu-I Itions were the measured parameters. The four -chamber designs studied were:



(1) empty cylinder for simple confined coagulations, (2) cylinler

*ith two 8-mesh bcreens (see Fig. 1), (3) cylinder with two orifice

plates, each containing fourteen 1/8-in. holes (see Fig. 2), and (4) a

two-stage coagulation device, in which initial coagulation occurs at high

temperature and pressure in a confined volume and is followed by simple

confined coagulation in a second stage.

All of these coagulation devices were scaled for use with 10 g of

pressed mix contained in a 30-mm-diameter canister.

Three types of pyrotechnic mixes were used. The first contained

68% TAGCY, 2% APic, 27% BA, and 3% silicic acid of about 2- to 10-micron-

diameter particle size for nucleate seeding. The second and third mixes

were based on KCIO3 -lactose propellant and had different coolant and

seeding materials. The second mix was 25% KCIO 3, 11.5% kaolin, 19.5%

lactose, 40% BA, and 4% silica (1- to 4-micron diameter seeding material).

The third mix was formulated to check the possibility of using a single

additive, silicic acid, for both the cooling and seeding functions. The
formulation was 25% KCIO. , 19.5% lactose, 44% BA, -nd 11.5% silicic acid.

Experiments with the TAGCY based mix revealed that screens arce more

efficient in promoting coagulation than orifice plates and that, e'en

though the velocity through the orifice holes was about five times greater

than the velocit) through the screen, the dlmensions and larger number of

t•.,bulcitL ceii, caused more coaguldtion with the screens than with the

orifice plates.

The two-stage coagulator showed a greater calculated coagulation

rate than the single-stage system. The cwo-Ftage approach showed the

advantage over 'he single-stage approach of suppressing homogeneous

nucleations in favor of heterogeneous nucleation.

Cnllisi-e rate calculations foliow, based on the kinetic theor, of
gases and on Srnoluchowski's aeiosol coagulation theory.' The ratio of -_
the calculated colli.ion rates, confined coagulation (two-stage) to

unconfined coagulation (single-stage), is about 20:1 in both calcula-

tions. The absolute values of the collision rates based on the two

theories give rates of the same magnitude.

12
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The calculations are based on the following assumptions:

1. For every 10-g charge there is 0.4 g of silica seeding
material. Using an average size of 2 microns in
diameter, the total number of seeding particles is
5 di0e. In the confined coagulation case (2 liters)
the concentration is 2.5 c 1o0 particlescc. In the

open coagulation case the total volume of gases pro-
duced by the 7 g of propellant is calculated to be
8 liters at 300°K for a seeding particle concedtra-

tion of 6 x 10 6 particles,'cc.

2. Three grams of BA is a~cut 0.03 mole; tlii• is
1.8 x 1022 molecules, giving a vapor concentration
in the confined coagulation case of 1019 molecules/cc
and a concentration of 2.5 x 1018 moecules ccc in the

open coagulation case.

The equation for the collision rate between molecules of two dif-

ferent species in a gas is
,,AB( .- • + aB )2 8-,RT(,MA• + M ,8).]"I

ZAB( + L .IVA AA (41 )

where

ZAB = number of collisions, sec between molecules A and B

n = number of moiecules'c-

rA = collision cross section (diameter of molecules
A and B)

R = gas constant

T = absolute temperature

M = molecular weight.

If Equation (1) is applied to collisions between vapor molecules

and aerosol particles, the effect of any assumed molecular weight for

the average aerosol particle is essentially canceled by the form of the

expression, i.e., where MA < MB

( t +- 1 -
( 2 )

f A ) - MA

14



The calculated values of the collision rates between BA molecules and

silica particles are ZAS (confined) - 2 x 1023 coliisions/sec at 5000 K

and ZA5 (open) 1 1022 collisions/sec at 300'K. The Smoluchowski eoaation

expressed as a collision rate is

Z A = Knn , (3)

where K is the coagulation constant. In systems where the aerosol par-

ticles are all the same size, K = 3 to 10 x 10-10 cc/sec, in aerosol

systems containing two sizes of particles, however, the K for collision

between the two sizes increases rapidly with the ratio of the sizes.

Fuks1 has calculated values of K for various size-pairs: the value of

K for oA - 4 x 10=8 cm (average diameter of BA molecule) and

(7 = 2 x 10-4 cm (average diameter of silica particle) becomes

KAS = 2 x 10-4. The collision rates based on this value of KAS are ZAB

(confined) = 5 X 1022 collisions/sec, a,.d ZAB (open) = 3.0 x 1021 col-

lisions/sec.

In open sirgle-stage coagulation the aerosol cloud is rapidly cooled

and the critical supersaturation ratio of the disseminated vapor is

rapidly exceeded. This produces a large homogeneous nucleation rate,

wioct týn•.• wII., I t ho r'ondensation on foreign nuclei and produces great

numbers of very small (approximately 5 x 10-7 cm) particles. These par-

ticles coagulate rapidly to the 2 x 10-' cm size and become visible as

a persistent smoke.

In the two-stage coagulator the minimum temperature is controlled by

regulating the pressure during the first several seconds of the burning

and vaporization process. By selecting the proper release pressure, a

minimum temperature can be reached which will produce a saturaLion ratio

in the confined vapor just exceeding one, thus preventing the occurrence

of homogeneous nucleation of the vapor. Also, because of the very low

supersaturation value, heterogeneous nucleation on small foreign particles

(i.e., carbon nuclei) will be inhibited in favor of heterogeneous nuclea-

tion on large foreign particles (i.e., large particles are present in the

form of added seeding material).

15



III HOMOGENEOUS NUCLEATION STUDIES

A. Background

The pressure of a bulk liquid in equilibrium with its vapor is pro-

portional to the absolute tcmpfroture T. For an ideal gas, the logarithm

of the pressure p is a linear function of I1T. It has been observed that

in a vapor phase system with no boundaries, condensation will not neces-

sarily occur when the temperature decreases to equilibrium. In the com-

plete absence of foreign droplets, ions or walls the supersaturation

reaches an upper limiting value beyond which condensation will always

occur. This condensation is called "homogeneous condensation." For a

terminal temperature Tf the critical supersaturation ratio is coi'stant

and is a function of the nature of the compound. The degree of super-

saturation is measured by the saturation ratio S, which is defined as the

ratio of the pressure p of the supersaturated vapor at temperature Tf and

the pressure p,, of tht saturated vapor at the same temperature Tf. It

has also been observid that the rate of condensation is small until S

reaches a critical value after which condensation hbcomes so rapid that

it is impossible to measure the condensation rate directly, for example,

by counting the iuber of drops formed per unit time and per unit volume.

The critical value of S at T1  iQ rolled the critical sup --sa.uratiou ratio

and is written:

S* = p (4)
PCD

Earlier theories of homogeneous condensation related S to the physi-

cal characteristics of the compound. These theories were usually based

cn the experimental observation that "the controlling process in conden-

sation is the nucieation of the vapor into droplets." To explain this

observation, Gibbs 2 proposed the condition which must exist for nuclei to

form in a vapor. Later, the rate of transition from a vapor to liquid

phase was studied using classic rate process theory.

17



I. The Liquid Drop Concept

This concept was originally introduced by Gibbs. 2 He proposed that

it is possible to supersaturate a vapor because the formation of a liquid

drop requires not only the work needed to transform the vapor into a

liquid but also the additional work required to form a stable liquid gas

interface. This additional work acts essentially as a barrier of poten-

tial in kinetic processes, and it slows down the condensation process.

In fact, the free energy of formation of a droplet can be expressed as

the sum of two terms: a "bulk" term which correspoi~ds to the free energy

of formation of the iiquid state from the gaseous phase in the absence of

a surface, and a term which is, the free energy formation ut the surface.

The free energy difference (per mole) is related to S by

AG RT In p,,, - RT In p = -RT In S (5)

and becomes negative for p > p,,

For a drop of radius r this free energy difference (per drop) is

given by

(RT In S)( (6

where R is the gas constant and V0 is the molar volume. The surface term

is simply written:

•G' = 4nr 2 2 , (7)

where c is the surface tension.

As the size of the droplet increases, the volume term increases more

rapidly than the surface term. Consequently, a critical drop size will

be reached after -hich any increase in radius will cause a decrease of
free energy, and therefore spontaneous condensation will occur. It is in

the above sense that the surface properties act as a bariier of potential.

The total free energy of formation of one condensing droplet is then

= I n S , 47r2c2 (8)

18



and is maximum for a critical value r" of r such that

167o- 3

3LG2

and

2cr
r" = -- (10)6hG

This value ýG* is thus the barrier which must be exceeded for homogeneous

nucleation to occur. These critical size droplets, also called nuclei or

clusters, are present in supersaturated vapors, even if no phase transi-

tion occurs. Note that Equation (7) is the well-known Gibbs-Thomson

relationship.

As already mentioned above, Gibbs 2 established on a firm basis the

equilibrium conditions that muct exist for nuclei to form in a vapor, but

he did not study the conditions for transition from a supersaturated vapor

with a few nuclei Lo a condensed vapor with a very large number of drops.

The adaptation of rate process theories to the problem of homogeneous

nucleation was the next step in understanding this phenomenon. This is

described in the next section.

2. The Transition Process

The first attempt to describe the nucleation rate J was made by Volmer

and Weber. 3 They proposed that J be taken as a product of two terms-an

energetic and a kinetic term. The energetic term n, defined as the con-

centration of nuclei in the vapor, can be related to AG* b)

n. = .6 e

where nI is the number of molecules/cn 3 (this establishes an equilibrium

state between clusters of different size). The kinetic term w is the

frequency of collision cf nuclei per surface unit 4nr 2 and can be de-

duced from the kinetic theory of gases:

IV (12)
(277mkT)% (
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where p is the supersaturated vapor pressure and m is the mass of the

nuclei. Hence, the Volmer-Weber equation for the rate of nucleation is:

J = n 4-r, *2 ) __ _ .-A *k (1 3)

It follows therefore that n1 caii be related to the supersaturation vaporp

in the case where the vapor is considered as a perfect gas:

n = p (14)

and that AG is related to S (compare Equations (5) and (9). Because

the rate of condensation becomes very rapid when S reaches S , it is not

possible to measure J. Consequentl]y. the theory assumes instead that when

one drop is formed per cc per second (J = 1), S has reached its critical

value, and for this condition a theoretical value of S is calculated ,,nd

can be compared with the experimental value of S.

Other theories have been proposed which differ from Volmer and Weber's 3

initial formulation. These th,_-orics differ mainly in the expression of one

or both of the two terms-kinetic and energetic. Volmer and Weber's theory

was refined by multiplv~iuig Lhe freq,,ency term b) a condensation coefficient

(a • 1) to account for collision efficienci-s (0ac is usually taken to

equal one).

Becker and Doering4 refined the energetic term by taking the steady

state instead of the equilibrium state to calculate the concentration of

nuclei in the vapor. They considered the set of bimolecular reactions

A, + A 1  -- 6.A2 (15)

A2 +A 1 A A 3  (16)

A + A _ A (17)

wher'- A is the critical nucleus containing L molecules. The concentra-

tion n* is then calculated for this steady state and is written in the form

n" Znle-AG *,'Tr U8)
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IHere Z, usually called the nonequilibrium factor, is given by

Z [](19)

whcre i° is the number of molecules in the crijica! nuclei. The Becker-

Doering equation for nucleation rate is then written in the form

S (a 47r, 2 )Z P -, 'T(20)

When J = I and of = 1, the equation can be written in the form,

2 (In Sb)3 nl, S)2 a 0 (21)

where a and b are functions of densiLt• d, surface tension cr, vapor pres-

sure pc, and molecular weight W, for all,, pecifit temperature T1 .

a 1 = 7()- (22

T23)

b = 45 ,4 35 In d (2 3 )

The size of the critical cluster is then:

2a
(z (24)

More recently, Lothe and Pound 6 proposed that the free energy of

formation AG should be corrected by a term AG' to account for the motion

of the droplet as a whole ('Z* being computed for a critical cluster at

rest). This term can be calculated from the rotational and transitional

partition functions of the cluster. Lothe and Pound included another

correction term MG;' arising from the requirement of conservation of the

degrees of freedom of the cluster from the vapor phase to the liquid

phase. This term6 has been shown to be approximately equal to Ts, where s
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is the molecular entropy of the liquid. The rate of nucleation after

correcwiejo is then written in the form:

aZF-(477r 2) ne Aj 'IT(rr• =P _neZc r (25)
(27lkT)O'

where r- C -&*','*T :s the Lothe-Pound factor. An error of 4.,T was found

in checking the derivation of this equation; the corrected equation is:

kT i° (2,,.kT)Y7 e-/
S IkT) 2- - (26)

p n2 477 A6

which reduces to

(Ml ) 32 ( kT) 4 i (2,7
r -- (27)

vT A 6

Here W is tl~e Planck constant h divided by 2n, and I is the kinetic moment

of the critical cluster, equal for a spherical droplet to

2 2 4f
I - ,'r* - -- r . (28)

Taking J =1 and = 1, we have utilized the Lothe-Pound equation

[see Equation (25)] c 0 as a function of d, o, p,, and S. introducing a

new function k independent of S , such that

nFP = - In S* - 12 In (In S*) , (29)

where

in24/2 k'
•. : In

o4 6 S

= In-k 4 In a - -- In pd - 4 In VT
6 Nk

= 6.21132 - 4 In a - In pd + 4 In MT (S0)
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and X In Sý yields

X3 X2 'k . lit a 12 111 X In [a . X(IP III X l-a = 0V .. ! 0 J- ,i u • 0 :1(6 2 72

Thii, simpli fied form of Equation (25) is equivalent to the I.othe-Pound

nucleation rate equation. Solving this equatiou for specific values of

a, b, and ý , we obtain from the root X = In S* thc theoretical value of

the critical supei.cLu|a'tio| ratio, whit It will be compared to the measured

values of S I" may be calculated by

2a" -(32)

3X

To measure the critical supersaturation ratio, the following techniques

have been used: the expaansion chamber technique, the di ffusion technique,

and the jet technique. The basis of these techniques is to cool the vapor

very rapidly bý enforcing sudden ( hanges of temiperattire. It is hipped that

in th is way the vapor wi II become supersaturated be fore it. can diffuse and

condense on the wall of the measuring cointainer oi chamber.

a. Expansion Chamber T'Firhnique

The measurements of Wilson and Po~cll, 8 using exp.,nsion chamber

techl, iques, give consistently high values for the critical supersaturation

ratios of water. The expansion chamber technique ,:onsists of cooling the

vapor by suddenly expariding a mixture of tte vapor with an inert carrier

gas. If the expansion is assumed to be adiabatic and reversible, the

final temperature can be computed from the tatio of the volumes before and

after expansion, from the initial temperature, and from the heat capacities

at constant pressure and constant volume, respectively. Unfortunately,

under condiLtions of reversibi iity and adiabacity, the expansion ratio can-

not be higher than 1.3 or 1 4. This limits thie ange of temtperature that

can be investigated and if the critical supersaturation ratio is too large

(as in the case for CCI 4 for example) it may be impossible to measure S

by this technique. Wilson and Po~ell 8 measured the critical supersatura-

tion ratio of water for temperatures ranging from 260 to 325°K. Critical

supersaturation ratios of some organic compounds, such as ni|tromethane,

ethylacetate, and a few alcohols, have been measured by Voleer and Flood. 9
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Clarke and Podehushlo measured .S for water and benzene using helium as a

carrier Fts. Their reported ealues of S a:e sniall-prolhably because of'

h.it er,'.eneous condetisat iou.

. Di- f fs on Te( hi. I que i nd Measo remen t s

Recently Ratz and Ostermier 1 haNe used this i.echrijIue for measur-

ing critical supersattratinn ratios. Their results are in ag.-eement ,-ith

th.,se of Vc' lmer and Flov. The a itusion technique was originally used

to determine only the S_ for solidification of a superco-led liquid. This

technique, which uses the a-tual stead,-state cond't ion during the measure-

mertt, appeurs to be very promising for Tbtaining critical supersaturation

ratios. Vinfortunately, it is also limited to a small tempeiature range,

and it requi res tha' know ledge of the transport Loefficicrts.

c. The Jet Technique

This technique has been used by Higuchi and O'Konski.12  It is a

valuable approach to critical supersaturation measurement but it can be

used cnly for compounds of low volatility becauise of experimental

li'i tat ions.

3. Discussion of Comparative Data

The critical supersaturation rat.ios measured by Volmer anad Flood 9

fr organic compounds are found to be in excelient. agreement with the

values predicted by the Becker-Doering equation. The Wilson-Powell mea-

suremets for water were also in a relmtively ge•ed agrcccr.t at 1,i1

t- peratures.

It was not until rceritly, when Lothe and Pound 6 suggested their cor-

rection to the Becker-Doering theory (a correction that increases the

nucleation predicted by the Becker-D3oering equatiw. by a factor of 1(T),

that a possibl#, means of reconciling Becker-Doering theory with erperiment

was seriously ati.empred.

In ý|cw of these discrepancies it became important toplan further ex-

p,-rimirita] investigations todeteimine wl.ether thecorrection proposed by

Lotthe and P-und was ne,-essary. For exarpiple, itappeared desirable to mee-

sure S* for ,ater uver a larger temperat,,re range. In the course of our con-

densari on studi !s, we developed a met.hod of measuring S over very large temp-

erature rarges. Thisdevelopment ud the S" dataacquired will be described

in, the following sec ,ions.
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B8 Experimental Studies

In devising a new technique for measuring S" a flow method was

chosen, which was similar to the Y-flow method used in gas kinetics to

study reaction rates. The Y-flow method has been described by Bodenstein

and Wnjgast,r Langmuir." and Benton

1. Description of the New Apparatus

Instead of mixing the flows arrivinp from the brýdmceb ol the Y, it

was decided to have the gases arrive head-on at the mixing zone. The

basic principle of the apparatus is simple. A hot gas stream, saturated

with Lhe vapor of interest, is n,ade to collide head-on with another gas

stream which is much colder. The two streams come together in a small

chamber; the mixing region between the tube ends is centered in the path

of a strong, collimated light beam which is placed at such an angle as

to produce forward scattering of maximum intensity from any droplets

which might be formed. The cold stream temperature is controlled by
passing the diluent stream through a massive cylindrical copper thermo-
stat submerged in a cooling bath. The hot copper thermostat, which is

heated with electric heacing tape, is placed directly over the cold one

and the two are mutually insulated bý 3,4-in. cork. The hot copper

thermostat is also an isothermal vaporizer. The liquid of interest is

placed in a well in the hot cylinder. A measured flow of nuclei-free,

dry air is passed ijoto the thermostated liquid through a fritted glass

bubbler. The gas, vapor, and entrained droplets then pass through two

layers of Gelman Type A glass fiber filter to remove all of the liquid

dr,2lets and to assure saturation of the gas stream. The gas-saturated

vapor stream is then passed through a deionizer in the form of a small

annular condenser. The copper inlet line to the cold thermostat has a

similar condenser. The distance between the surfaces in these condensers

is 1 arid thev are about 5 cm long. A 45-volt field is used for gas-

ion removal. Figure 3 shows a detailed schematic of the apparatus.

2. Technique Description

Both the hot and the cold flows must be 1-;teJto laminar flows.

This provides for steady-state conditions in the mixing region, isolated

from any wall effects, as shGwn in Fig. 4. Since stream temperatures,

pressures, and compnsition are knov'n,, only the heat capacities of the
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gaseous components need to be determined to calculate the temperature

of the mixing region. One of the flow rates or one of the temperatures

is adjusted to initiate nucleation, which is detected by observing the
forward scattered iight. The temperature ot the mixing region (Tf) is

completely controlled by the mixing processes. 1he heat of condensation

is much too small to change the stream temperatures whi.Ah are measured

by means of thermocr'uples in the copper thermostats very close to the

tube exits.

To calculate the mixing temperature Tf, the total heat gain of the

cold stream týQ, is set equal to the total heat loss of the warm sticam

Q t.e.

Q = AQ, , (33)

' = FCp(Tf - T,) (34)

1Q. [F cp + F_ Cp (T. - T1 ) f (35)
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where C is the average heat capacity of the air, Cp(,) is the average

heat capacity of the compound vapor, F, and F are the cold and warm

stream flow rates. and T and 7. are the cold and warm streatm tempera-

tures. By combining Equations (34) and (35), Tp can be calculated.

When '7" is established S° is easily calculated:

(measured p at T)(
so = , (36)

(saturated p. at T/)

where the measured vapor pressure in mm Hg at Tf is

P ~F 760 -p' 76,(7

= (37)

where p' is the saturated vapor pressure at T. and p. at Tf is deduced
from the curve for saturated vapor pressure versus i/T for the pure compound.

To gain a better understanding of the capabilities and limitations
of the technique, it appeared desirable to study the variation of S*

with the ratio of temperature T"TC or the ratio of flow rate FI/FC of

the gases being mixed. From Equations (33) - (37), we caA deduce S and

Tf, and we notice that if T, and T. are kept constant, S will vary with

the ratio Fc 'F,. There is a maximum value for S that will correspond

to a specific value of Fc/F. and, since Tc and T2 are kept constant, to

a specific final temperature T /. Figure 5 shows a curve of S versus 11T
for CCL, at T = 175'K and T_ = 300'K. Curves (such as the one in

Fig. 5) can be used to visualize how S could vary to reach the observed

critical values, and to choose the aDoropriate values for T, and T. for

a specific experiment. Thus, it can be seen that S will reach this

critical value by varying Fe/F" and keeping Tc and T. constant (see

Fig. 5).

The interrelationships between acri-acy, S*, aad the FC/F ratio
were quite complicated because of the physical characteristics cf the

system. The S' is easy to measure when an initially large Fe/F. ratio

is decreased slowly to the onset of condensation. The drawback to this

approach is that S" occurs at large FC/F. ratios (cf., F/F = 70 in
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In measuring critical supersaturation ratios when F, = F., a large

temperature difference between the two air flows is necessary. We found

that for F - F., the final temperature range is limited to a practical

interval of about 60 0 K (192 to 253 0 K in the case of CCI). Thus it

remains necessary to accept the experimental difficulties accompanying

the large Fe/F. ratio approach in order to conveniently measure S* at

temperatures outside this temperature range.

Because of the relatively small dimensions of the mixing zone, it

is ne, essary to determine whether or i,ot the residence time of the

mixing gas and vapor ,was adequate to establish steady-state conditions

of cluster and embryo populations. The induction period (time required

to form clusters and embryos) at critical supersaturation is estimated

to be about 10-7 sec. At a total air flow of 2 liters/min., the gas in

the mixing zone travels obout 5 X 10-5 cm in 10-7 sec. Since the minimum

dimension of the mixing is its thickness, estimated to be about 10-3 cm,

the residence time is more then adequate to establish steady-state

conditions.

Finally, an analysis was made of the effect of both total air flow
and the ratio of the cold air flow to the warm air flow on the accuracy

of critical supersaturation ratio measurements.

The optimum total air flow should be between 1 and 2 liters/min.

Flows which are too small cause eCfot6 it rnleturemenL of the temperature.

Flows greater than 2 liters/min produce turbulence in both the cold and

warm air streams and could cause distortion of the mixing zone.

Using this technique S* values were measured for benzene, CCI 4, CS,

CHCl 3, and H20. It was possible to obtain very high values for S' for a

range of temperature much larger than any range that had been investi-

gated in previous studies.

3. Potential Sources of Errors and Description of the Second and

Third Generation Apparatus

As measurements progressed, it was possible to gain a better under-
standing of potential sources of errors in the new technique. These

potential errors, together with the corrective steps that were adopted

to improve the apparatus, are discussed below.
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A possible source of error in the very cool temperature experiments

could have been created by water from the ambien• wet air diffusing into

the mixing chamber and condensing. To eliminate this possibility the

apparatus was modified to isolate the condensation chamber. Thi%, change

eliminated the possibility of partial obscuration of the condensation

zone by external moisture condensation. The modified apparatus is shown

in Fig. 6. The first condensing droplets were much easier to detect

than they had been previously, and the accuracy of the apparatus was

improved considerabiy.

The arrival of the dry air directly, without its being brought to

the equilibrium temperature of the upper thermostat, created problems

in measuring S" of compounds with low or high vapor pressure, since the

temperature of the upper thermostat was quite different from room

temperature. To eliminate this limitation, a new vapor saturated-warm

air thermostat apparatus was designed and fabricated. The general

features were the same as in the first apparatus, but the gas preheating,

the thermostating, and the filtering were improved. Figure 7 shows the

new parts in detail. The air flow temperature can reach the thermostat

temperature or the equilibrium temperature of the saturated vapor before

it mixes with the liquid to carry the vapor. In Fig. 7 the air is

preheated at the cylinder temperature by circulating it in a copper pipe

around the copper cylinder. Then it goes into the vaporization chamber

to carry the satuiated vapor through the glass tube and the fritted

glass bubbler. In the first prototype the air was channeled directly

to the glass tube.

We have also made some measurements using two warm sections of the

apparatus, set up in series. The first warm section was used as a

vapcrizer, producing saturated vapor at temperature T . The secund warm

section, into which the saturated vapor was introduced, was used as

therms-stated superheater. This arrangement provides a simple way to

clear the viewing chamber of condensate. This can be done by circulating

dry, clean air in the system before admitting the vapor to the cpparat.us.
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FIG. 6 THE CRITICAL SUPERSATURATION RATIO MEASUREMENT APPARATUS
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C. Experimental tlesult!2

Curves of 1n S* versus UIT were con~st~ructed for beveral simple com-

pounds over wide temperature ranges.

1. Water

The critical supersaturation data for water vapor from e previous

study1 6 and from the present work are summnarized in Fig. 8. A comparison

of our results with the results of others shows that there is agreement.

between our measurements and those of Wilson and Powell,8 whose results

have been considered the best available.

Sander and Darnkoehler 17 and Madonra et al. 8 claimed to have observed

freezing nucleation of water at lowv ten.ju&-atures (homogeneous condensa-

tion from the vapor phase to the solid state). We have not observed

scintillations upon condensation and construe this to mean that the con-

densed particles were liquid. As the temperature decreased, the size of

the nuclei kept getting smaller, and the aspect of the cloud kept chang-

ing gradually from droplets to smoke. The temperature, -65'C is generally

believed to be a transition Lempeiature, be.'ow which water must crystallize
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FIG. 8 COMPARATIVE CRITICAL SUPERSATURATIc*4 CURVES FOR WATER VAPOR
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when condensing. Hirth and Pound"6 Lake -41"(. as thizs lower teimperature

limit because -$11C is the critical temperature for rapid homogeneous

nucleation of ice from superceoled water, but our observations lead us

to believe that nucleation occurs from the vapor to the liquid state at

temperatures lower than -65°C.

2. Organic Compounds

Figures 9-12 show curves of In S* versus 1/7' for benzene, carbon

tetrachloride, carbon disulfide, and chloroform. Cormputations from the

experimental data were done with the TWX Time Share Computer system.

Results of an error analysis showed that both saturated vapor pres-

sure and temperature had been measured with a high degree of accuracy and

that largest errors were probably caused by promoters of nucleation such

aL foreign nuclei. Nevertheless, we did find some systematic error in a

small range of temperature, and we investigated the possibility that it

-ight have resulted from a temperature gradient in the cold thcrmostat

when iquid nitrogen was used as cooling bath Because the error was

systematic we were able to correct the measured T7 (whei, the liquid

nitrogen level was beneath the copper thermostat a maxinum correction

of -20-K had to be arplied).

For benzene we were able to make a very difficult neasurenient at rela-

tively high tcmpcrature T = 270'K for F equal to F. approximately and found

S* = 8.0. We obtained a slower rate of nucleation than Clarke and Bode[ sh,YJ

who found S° = 8 at 250'K. This result indicates that t.hey may have h

heterogeneous condensation when they measured S" for benzene. The- -2

using helium as a carrier gas.

D. Discussion and Conclusions

1. Comparison of Fxperimental Results with

Earlier Theories

Figures 9-13 show the curves of In S* as a function of the inverse

of the absolute temperature I/T for water, benizeile, carbon tetrachloride,

carbon disulfide, and chloroform. To calculate the th2oretical critical

supersaturation ratio for tl -se compounds, we hdve extrapolated the

liquid-state physical propcrt ies to very low Leoperatures. The experi-

mental data appearing in the theoretical expressions a-e the deyisity,

35



22.

20--

A EXPERIMENTAL

0 BECKER-DOERING

16- 0 LO1HE-POUNO

/

14

An~ 5

12 -

10 -eF I

4

4 5 6 7 S 9 10

T
T - 4900- 2"4n

FIG. 9 LOGARITHM OF SUPERSATURATION RATIO AS A FUNCTION

OF THE INVFRSE OF THE ABSOLUTE TEMPERATURE
FOR dOMO-LXNEOUS NUCLEATION OF BENZENE

36

t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



20

16 -,1

Aý EXPERIMENrAL

14 - 0 BECKER -DOERINGL 0 LOTHE-POUNO $

12

61

4 O

3 4 5 6 9 10

+ TO --4900- 75?4

FIC, 10 LOGARITHM OF SUPERý,ATURATiON RATIO AS A FUNCTION
OF THIF INVERSE OF THE ABSOL UTE TEMPERATURE
FO9 HOMOGENEOU$ NUCI i:ATItON OF CARBON TETRAC'HLORI")E

37 o



16

A EXPERIM£N

14 0 SECKER-OOEI, 4G
0LOTHE-POUND

12

An. S*

IO

3 4 5 6 7 S 9 10

T1 

0-

FIG. 11 LOGARITHM OF .SUPERSATURATION RATIO AS A FUNCTION
OF THE INVERSE OF THE ABSOLUTE TEMPERATURE
FOR HOMOGENEOUS NUCLEATION OF CARBON DISULFIDE

38



20

1 LA EXPERIMENTAL

0 BECKER-DOERING

0 LOTHE-POUNO

'4

12

16

14

4 5 6 7 a 9 10
. I

10-4*O4--14

FIG. 12 LOGARITHM OF SUPERSATURA7 ION RATIO AS A FUNCTION
OF THE INVERSE OF THE ABSOLUTE TEMPERAIURE

FOR HOMOGENEOUS NUCLEATION OF CHLOROFORM

1 39



16
EXPERIMENTAL

0 BECKER-DOERING

1 LOTHE AND POUND
14

12

I 10

TU- 4g00-aESs)

3 4 5 6 7 6 9

FG13LOGARITHM OF THE SUPERSATUR/.TION RATIO AS A FUNCTION

OF THE INVERSE OF THE ABSOLU1E TEMPERATURE
FOR tHOMOGENEOUS NUCLEATION OF WATER

31j

40 ,JEA
feJ



U

the saturated vapor pressure, the surface tension, and the molar entropy 2
at temperature T. A•r

The logarithm of the saturated vapor pressure pD is extrapolated

graphically from the linear relationship uith 1IT (see Appendix). The .

density is determined by the equation I

d = a a2t a.t 2 
+ at 3  

, (38) %,1

where t is the temperature in degrees centigrade and al, a2 , a and a4

are experimental constants (see Appendix). For o, at T we use the equation:

whr/i1 * / 2 t + )33 t2 + '64t3 (39)

where 13, ,)32' )&3 and /34 are constants determined experimentally (see

Appendix). The liquid entropy s is computed from

= so Jr dT , (40)
298.2 T

where s' is the standard molar entropy for liquid state (at 25'C and

atmospheric pressure) and C. is the molar heat capacity of the liquid at

constant pres3ure.

The physical property data were compiled for th- organic compounds

and water and then used in the nucleazioi. rate equations of Becker-

Doering and Lothe and Pound to obtain the calculated values of In S'j

R and X (see Figs. 9-13).

2(in S) 3 +b(n S) 2 - a = 0 , (21)

X3 + X2 ( + ' In a - 12 In X + 1 In + + X2 (12 In X - 7.- a = 0

2 2 0)!

A comparison of the theoretical results obtail,,d for R and X with

the experimental values of In So shows a discrepancy bctween theory and

experiment, this discrepancy increases very rapidly as the temperature

decreases. Furthermore, the valuc. of S" become very large at low tem-

peratures and calculated cluster size becomes very small. This discrep-
ancy may be due to the fact that macroscopic properties such as p, d,

and a are assumed to be applicable to very small clusters. 1he dep:nden- e
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of the physical properties on cluster size appears to be very important

in the case of surface tension.

2. Variation of Surface Tension with Droplet Curvature

The problem of the variation of the surface tension -,a.It cir, (ý t.

curvature has been studied very intensively by many investigators, ic

the relationship between surface tension and curvature has never been

resolved. Because of its critical importance in the nucleation model,

a study was made of the surface tension of clusters.

We determined indirectly the surface tension (cx, ..s a function of

curvature in the following way. We introduced a parameter p, defined as

the ratio of the surface tension, corrected for the curvature (o-,) and

the bulk value (o-b). The values of p were determined by replacing the

theoretical values of S* in the nucleation rate equation with the mea-

sured values. If the Lothe-Pound theory is correct (except For the

value of c ), then the function p(i*) = o-/o-6 would a] low the theory to

predict correctly the value of the critical supersaturation ratio. Ne

thought that use of the experimental values of S* and of the theory to

compute p(i*) might also shed some light on the dependence of surface

tension on cluster size.

With p thus defined and with a, b, and X defined by Equations (22),

(23), and (30), we obtain

ar C-3r
- = p3  (41)

a Co3

nIn = 2 p (.2'

4 - -4 In = 12 In , (43)

where ar, br, and 1V are the values of a, b, and K for - = co or
r

ra = a , (44)

1
br = b 1 In p (45)

2
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= + 12 In p (46)

Substituting ar, V, and M from Equations (44)-(46) into (21) ifor the

Becker-Doering theory] and into (31) [for the Becker-Doering theory cor-

rected for the Lothe and Pound factor] and setting E = In S, we obtain

two new equations:

ap 3 - E2 In p - E2 (b + 2E) = 0 (47)

Et2
ap3 - liE2l In p-- In [ap 3 - 12E 2 In p E2 (E+ 12 in E- X)]

2

6 E2 E + x I in a -12 In E) (48)_ (2 + [ . 2

Equation (47) yields the values of F' which we shall use for the correction

of the surface tension for small droplets in the ,asc of thý fc, kez-

Doering theory; Equation (48) does the same for tht Lothe and Pound theor'.

Since we 'iSh to detcrmine if the discrepanN betL'een thtOicetiucl

and experimental values can be ascribed to the u:e oI c- C , *e also Com-

puted the number of molecules t* in the .ritLical cluster . xamine the

function ,- Ls Lt.

2 a. s 4
• (49)

The results of our computati n foi p aid i ate give, in Figs. 14-18.

3. Cluster Si7e and th- suifdlcv. Tel ,,,n Corre~tton o

In the case of water the f.n' to;i . decreases w ith the size of the-

droplets and consequient. i rcrea•'• ih ,%_;-t_,• '._ ; .. A -

have developed a dangling-bond model for wi, Let oi0: a-sunpt,•, that tu:

effect of curvature on surface-fiec eiecrgy is due b hc bioken hydiogen

bonding of the surface molec,Jles. Th) cal( ula rrectioji of appioxi-

miutely 1.2 for t" = 16 tu 110. Ou, i rume it LdI ted re~ults a8 e in

qualitative agleement with their calculation, e: all% fot the pciiuL

(S - 5.07, T = 276.3K), where p is 1.10. NIo, e, fu! tie |,olit

(S° 6.3 x 10 , T = 165.24K), their caltulated ,rietlin of 1.23 tot

t = 10 does not agree with our result of 1.73 tot t° = 9.

43

S.. .. . .. .. . .. .. ... .. ii- L



1.4

1.3
o) BECKER=-DOERING

*LOTHE-POUND *
1.2

I I.0

0 00

0.9

o 0.O I . I I I I
so 70 60 50 to 30 20 10 0

I*
'- 4'00 -"IOft

FIG. 14 PARAMETER p AS A FUNCTION OF i*
FOR THE SYSTEM, BEN7 -NE + AIR

I I I /

0 0

Po 0 ER-DOLRING 0 0

0.9 * LOTHE-POUND

07 L
60 70 6c 50 40 30 20 80 0

I.
t&- 400 - 2vo1

FIG. 15 PARAMETER p AS A FUNCTION OF i*
FOR THE SYrS[•M, CARBON TETRACHLORIDE + AIR

44

. ..-- -• 
•- • 

vo- 
-- ..-



'.4 I I I I I I
1.34

0 BECKER-DOERING
0 LOTHE- POUND

1.2

p

1.0

0.9

0.8 I I I I
so 70 60 50 40 30 20 10 0

I.

FIG. 16 PARAMETER p AS A FUNCTION OF i*
FOR THE SYSTEM, CARBON DISULFIDE + AIR

1 .4 1

1.3 0 BECKER - DOERING
1. 0 LOTHE - POUND

1.2

p 
1.

1.0 -

0-9

08a
8o 70 60 50 40 30 20 ,0 0

I TA--4500- ?I1o

FIG. 17 PARAMETER p AS A FUNCTION OF i*
FOR THE SYSTEM, CHLOROFORM + AIR

45



2.2

2.0

0 BECKER-DOERING
1.e * LOTHE-POUND

1.4

0
1.2

1.0
2'0 t•0 i O 60 l0 20

I'-4'1O-zIe

FIG. 18 PARAMETER p AS A FUNCTION OF i
FOR THE SYSTEM, WATER + AIR

In the case of nonpolar molecules (benzene, CCI 4, and CS 2 ), we find

that p does riot increase *ith curvature and thait p Ai dppzuximateiy con-

stant *her. the size of t.he nuclei is large erough; but for a sinaller size

nuclei, p increases markedly with curvature. In the case of CHCI 3 , for

large size walues of t*, Chloroform is a slightly polar compound o'ed its

p - t" curve resembles the non-polar case except at low temperature (small

i°), where the effect of polar forces miy be evident.

It is to be expected tlet surface free energy for small drops should

increase with any oricntationed force field and specifically with dipole

moment. In the case of benzene we may hL.- an orientat.onal effect tha:
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I!

increases .P With cu rvatu re . B en zene %. - a f l at .-ol ecuL .e. ond it shou ld

be more difficult to get the surface molecules in their oriented positions

and therefore a geometrical hindrance effect will strongly increase ,-.

This will explain why, although Lhe benzene has no el-ctric dipole moment,

p increases rapidly for small %alues of t0, as in the case of polar

molecules.
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GLOSSARY

A A nucleus or particle

A• Critical nucleus containing i molecules

Condensation coefficient
C

CP(U) Average heat capacity at constant pressJre (cal/molie) of vapor

C Average heat capacity at constant pressurep

CY .... Average heat capacity at constant volume

d Density (g/cc)

F Cold stream flow rate (ml/min)
C

F Warm stream flovi rate
V

F Lothe-Pound correction factor

AG Free energy of formation of droplet (per mole)

AG0  Free energy of formation

AG* Free energy change of formation of critical nucleus

2G•' Free energy change of rotation of critical nucleus

AG• Free energy of formation (per drop)

AG*D Free energy change accompanyinf; rotational and translational
degrees of freedom in critical .aucleus

AC'' Free energy change of translations of critical nucleus

Planck constant divided by 277

.$ Number of molecules in critical nuclei

I Moment of inertia

J Nucleation rate

k Boltzmann's constant

K Co-.gulation coefficient

m Molecular mass

M Molecular weight

n Numnber of molecules/cc



n* Concentration of critical nuclei

n* Concentration of nuclei containing i molecules

n1 Number of molecules/cm
3

N Avagadro' s number

W Frequency of collision of nuclei per surface unit

p Vapor pressure (mm Hg)

Poo Saturated vapor pressure (mm Hg)

"AQC Total heat gain of cold s.;reara

AQ Total heat loss of warm ,stream

r Radius

Radius of critical nucleus

B Gas constant (Boltzmann constant x Avagadro's number)

p Ratio of surface tensions a- bi/r

s Molecular entropy

S Supersaturation ratio

S* Critical supersaturation ratio

so Standard molecular entropy

0 Surface tension (dynes/cm)

0'r Surface tension of drop of radius r

'b Bulk surface teiision

rAB Collision cross section (diameter of particles A and B)

T Absolute temperature

T, initial temperature

TF Terminal temperature

t Temperature (°C)

V0  Molar volume

Z Nonequilibrium factor

ZAB Number of collisions/sec between A and B particles
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APPENDIX

PHYSICAL PROPERTIES USED IN NUCLEATION CALCULATIONS

Density (d) Relative to Water at 4VC

Water:20(') d = 0.9994 + 1.896 x 10- 4 (t + 4) - 1.0417 x 10-5 (t +

- 6.95 x 10- 8 (t + 4)3

CC1 4 :2 1  d = 1.63255 - 1.911 x 10-3 t - 0.690 X 10-6 t 2

Benzene:21 d = 0.90005 - 1.0636 . 10-3 t - 0.0376 _ 10-6 t2

CS 2 : 21  d = 1.29272 - 1.481 x 10-3 t - 3.06 X 10-7 t 2

CHC13: 20,21 d = 1.52643 - 1.8563 x 10-3 t - 0.5309 x 10-6 t2

- 8.81 x 10-' t 3

where t is the temperature in degrees centigrade

Surface Tension (oc) in dynes/cm

Water: 20  c = 76.96 - 0 152(t + 8) + 0.7832 X 10- 4 (t + 8)2

- 2.56 x 10- 6 (t + 8)3

CC14:l20,2 o- = 29.38 - 0.13975 T + 3.875 X 10- 4 t 2

Benzene: 20, 21- or - 31.58 - 0.137 t + 0.0001 t 2

CS 2 :2., o = 35.28 - 0.15217 t + 0.8333 x 10-" t 2

CIICI3: 22 r 28.6 - 0.1363(t - )

Liquid Heat Capacity CP at Constant Pressure in cal/mole

Water: 2 2  Cp = 218.765 - 2.0182 T + 6,769 x 10- T2 
- 7.575 x 10-6 T

CC1" . CP = 219.18 - 2.2173 T + 8.5583 x 10-3 T2
- 1.0833 >: 10- T'

Benzene: 2 4 CP = - 37.816 + 0.6104 T- 1.8938 x10- 3 T2 + 2.140 x 10-6 T 3

CS.: 25  CP = 17.,25 7.6 x - T

CHC13 :21'26 Cp = 12.4822 + 0.05137 T
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Standard Entropy (s°) (at 25°C/atm of pressure in cal. per mole and

per degree)

Water: s' = 16.73

CC1 4 : 2 , 6  s' = 51.25

Benzene: 24 s0 = 41.30

CS 2:25 i = 36.10

CHC1 .26 s0 = 48.5
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